Abstract. This study quantifies the green, blue and grey water footprint of global crop production in a spatially-explicit way for the period 1996-2005. The assessment improves upon earlier research by taking a high-resolution approach, estimating the water footprint of 126 crops at a 5 by 5 arc minute grid. We have used a grid-based dynamic water balance model to calculate crop water use over time, with a time step of one day. The model takes into account the daily soil water balance and climatic conditions for each grid cell. In addition, the water pollution associated with the use of nitrogen fertilizer in crop production is estimated for each grid cell. The crop evapotranspiration of additional 20 minor crops is calculated with the CROPWAT model. In addition, we have calculated the water footprint of more than two hundred derived crop products, including various flours, beverages, fibres and biofuels. We have used the water footprint assessment framework as in the guideline of the Water Footprint Network.
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M. M. Mekonnen and A. Y. Hoekstra: The green, blue and grey water footprint of crops The aim of this study is to estimate the green, blue and grey water footprint of crops and crop products in a spatiallyexplicit way. We quantify the green, blue and grey water footprint of crop production by using a grid-based dynamic water balance model that takes into account local climate and soil conditions and nitrogen fertilizer application rates and calculates the crop water requirements, actual crop water use and yields and finally the green, blue and grey water footprint at grid level. The model has been applied at a spatial resolution of 5 by 5 arc minute. The model's conceptual framework is based on the CROPWAT approach (Allen et al., 1998) .
The concept of "water footprint" introduced by and subsequently elaborated by Hoekstra and Chapagain (2008) provides a framework to analyse the link between human consumption and the appropriation of the globe's freshwater. The water footprint of a product (alternatively known as "virtual water content") expressed in water volume per unit of product (usually m 3 ton −1 ) is the sum of the water footprints of the process steps taken to produce the product. The water footprint within a geographically delineated area (e.g. a province, nation, catchment area or river basin) is equal to the sum of the water footprints of all processes taking place in that area (Hoekstra et al., 2011) . The blue water footprint refers to the volume of surface and groundwater consumed (evaporated) as a result of the production of a good; the green water footprint refers to the rainwater consumed. The grey water footprint of a product refers to the volume of freshwater that is required to assimilate the load of pollutants based on existing ambient water quality standards.
The water footprint is an indicator of direct and indirect appropriation of freshwater resources. The term "freshwater appropriation" includes both consumptive water use (the green and blue water footprint) and the water required to assimilate pollution (the grey water footprint). The grey water footprint, expressed as a dilution water requirement, has been recognised earlier by for example Postel et al. (1996) and Chapagain et al. (2006) . Including the grey water footprint is relatively new in water use studies, but justified when considering the relevance of pollution as a driver of water scarcity. As stressed in UNDP's Human Development Report 2006, which was devoted to water, water consumption is not the only factor causing water scarcity; pollution plays an important role as well (UNDP, 2006) . Pollution of freshwater resources does not only pose a threat to environmental sustainability and public health but also increases the competition for freshwater (Pimentel et al., 1997 (Pimentel et al., , 2004 UNEP GEMS/Water Programme, 2008) . Vörösmarty et al. (2010) further argue that water pollution together with other factors pose a threat to global water security and river biodiversity.
There are various previous studies on global water use for different sectors of the economy, most of which focus on water withdrawals. Studies of global water consumption (evaporative water use) are scarcer. There are no previous global studies on the grey water footprint in agriculture. L'vovich et al. (1990) and Shiklomanov (1993) estimated blue water consumption at a continental level. Postel et al. (1996) made a global estimate of consumptive use of both blue and green water. Seckler et al. (1998) made a first global estimate of consumptive use of blue water in agriculture at country level. Rockström et al. (1999) and Rockström and Gordon (2001) made some first global estimates of green water consumption. Shiklomanov and Rodda (2003) estimated consumptive use of blue water at county level. Hoekstra and Hung (2002) were the first to make a global estimate of the consumptive water use for a number of crops per country, but they did not explicitly distinguish consumptive water use into a green and blue component. Chapagain and Hoekstra (2004) and Chapagain (2007, 2008) improved this study in a number of respects, but still did not explicitly distinguish between green and blue water consumption.
All the above studies are based on coarse spatial resolutions that treat the entire world, continents or countries as a whole. In recent years, there have been various attempts to assess global water consumption in agriculture at high spatial resolution. The earlier estimates focus on the estimation of blue water withdrawal Alcamo et al., 2007) and irrigation water requirements (Döll and Siebert, 2002) . More recently, a few studies have separated global water consumption for crop production into green and blue water. Rost et al. (2008) made a global estimate of agricultural green and blue water consumption with a spatialresolution of 30 by 30 arc minute without showing the water use per crop, but applying 11 crop categories in the underlying model. Döll (2008, 2010) have estimated the global green and blue water consumption for 24 crops and 2 additional broader crop categories applying a grid-based approach with a spatial-resolution of 5 by 5 arc minute. Liu et al. (2009) and made a global estimate of green and blue water consumption for crop production with a spatial-resolution of 30 by 30 arc minute. Liu et al. (2009) distinguished 17 major crops, while considered 20 crops and 2 additional broader crop categories. Hanasaki et al. (2010) present the global green and blue water consumption for all crops but assume one dominant crop per grid cell at a 30 by 30 arc minute resolution. In a recent study, Fader et al. (2011) made a global estimate of agricultural green and blue water consumption with a spatial-resolution of 30 by 30 arc minute, distinguishing 11 crop functional types.
Method and data
The green, blue and grey water footprints of crop production were estimated following the calculation framework of Hoekstra et al. (2011) . The computations of crop evapotranspiration and yield, required for the estimation of the green and blue water footprint in crop production, have been done following the method and assumptions provided by Allen et al. (1998) for the case of crop growth under non-optimal conditions. The grid-based dynamic water balance model used in this study computes a daily soil water balance and calculates crop water requirements, actual crop water use (both green and blue) and actual yields. The model is applied at a global scale using a resolution of 5 by 5 arc minute (Mekonnen and Hoekstra, 2010) . We estimated the water footprint of 146 primary crops and more than two hundred derived products. The grid-based water balance model was used to estimate the crop water use for 126 primary crops; for the other 20 crops, which are grown in only few countries, the CROPWAT 8.0 model was used.
The actual crop evapotranspiration (ET a , mm day −1 ) depends on climate parameters (which determine potential evapotranspiration), crop characteristics and soil water availability (Allen et al., 1998) : Portmann et al. (2010) and USDA (1994) . For some crops, values from Chapagain and Hoekstra (2004) were used. We have not considered multi-cropping practices. Monthly long-term average reference evapotranspiration data at 10 by 10 arc minute resolution were obtained from FAO (2008c) . The 10 by 10 arc minute data were converted to 5 by 5 arc minute resolution by assigning the 10 by 10 minute data to each of the four 5 by 5 minute grid cells. Following the CROPWAT approach, the monthly average data were converted to daily values by curve fitting to the monthly average through polynomial interpolation. The value of K s is calculated on a daily basis as a function of the maximum and actual available soil moisture in the root zone.
where S[t] is the actual available soil moisture at time t (in mm); S max [t] the maximum available soil water in the root zone, i.e., the available soil water in the root zone when soil water content is at field capacity (mm); and p the fraction of S max that a crop can extract from the root zone without suffering water stress (dimensionless). Grid-based data on total available water capacity of the soil (TAWC) at a 5 by 5 arc minute resolution were taken from ISRIC-WISE (Batjes, 2006 ). An average value of TAWC of the five soil layers was used in the model. In the case of rain-fed crop production, blue crop water use is zero and green crop water use (m 3 ha −1 ) is calculated by summing up the daily values of ET a (mm day −1 ) over the length of the growing period. In the case of irrigated crop production, the green and blue water use is calculated by performing two different soil water balance scenarios as proposed in Hoekstra et al. (2011) and also applied by FAO (2005) , Siebert and Döll (2010) and . The first soil water balance scenario is carried out based on the assumption that the soil does not receive any irrigation, but using crop parameters of irrigated crops (such as rooting depth as under irrigation conditions). The second soil water balance scenario is carried out with the assumption that the amount of actual irrigation is sufficient to meet the irrigation requirement, applying the same crop parameters as in the first scenario. The green crop water use of irrigated crops is assumed to be equal to the actual crop evapotranspiration as was calculated in the first scenario. The blue crop water use is then equal to the crop water use over the growing period as simulated in the second scenario minus the green crop water use as estimated in the first scenario.
Crop growth and yield are affected by water stress. To account for the effect of water stress, a linear relationship between yield and crop evapotranspiration was proposed by Doorenbos and Kassam (1979) :
where K y is a yield response factor (water stress coefficient), Y a the actual harvested yield (kg ha −1 ), Y m the maximum yield (kg ha −1 ), ET a the actual crop evapotranspiration in mm/period and CWR the crop water requirement in mm period −1 (which is equal to K c ×ET 0 ). K y values for individual periods and the complete growing period are given in Doorenbos and Kassam (1979) . The maximum yield values for each crop were obtained by multiplying the corresponding national average yield values by a factor of 1.2 (Reynolds et al., 2000) . The actual yields, which are calculated per grid cell, are averaged over the nation and compared with the national average yield data (for the period 1996-2005) obtained from FAO (2008a) . The calculated yield values are scaled to fit the national average FAO yield data. The green and blue water footprints of primary crops (m 3 ton −1 ) are calculated by dividing the total volume of green and blue water use (m 3 yr −1 ), respectively, by the quantity of the production (ton yr −1 ).
The grey water footprint is calculated by quantifying the volume of water needed to assimilate the nutrients that reach ground-or surface water. Nutrients leaching from agricultural fields are a main cause of non-point source pollution of surface and subsurface water bodies. In this study we have quantified the grey water footprint related to nitrogen use only. The grey component of the water footprint (m 3 ton −1 ) is calculated by multiplying the fraction of nitrogen that leaches or runs off by the nitrogen application rate (kg ha −1 ) and dividing this by the difference between the maximum acceptable concentration of nitrogen (kg m −3 ) and the natural concentration of nitrogen in the receiving water body (kg m −3 ) and by the actual crop yield (ton ha −1 ). Country-specific nitrogen fertilizer application rates by crop have been estimated based on Heffer (2009) , FAO (2006 , 2009 ) and IFA (2009 . Since grid-based fertilizer application rates are not available, we have assumed that crops receive the same amount of nitrogen fertilizer per hectare in all grid cells in a country. We have further assumed that on average 10 % of the applied nitrogen fertilizer is lost through leaching, following Chapagain et al. (2006) . The recommended maximum value of nitrate in surface and groundwater by the World Health Organization and the European Union is 50 mg nitrate (NO 3 ) per litre and the maximum value recommended by US-EPA is 10 mg per litre measured as nitrate-nitrogen (NO 3 -N). In this study we have used the standard of 10 mg per litre of nitrate-nitrogen (NO 3 -N), following again Chapagain et al. (2006) . Because of lack of data, the natural nitrogen concentrations were assumed to be zero.
The water footprints of crops as harvested have been used as a basis to calculate the water footprints of derived crop products based on product and value fractions and water footprints of processing steps following the method as in Hoekstra et al. (2011) . For the calculation of the water footprints of derived crop products we used product and value fraction. Most of these fractions have been taken from FAO (2003) and Chapagain and Hoekstra (2004) . The product fraction of a product is defined as the quantity of output product obtained per quantity of the primary input product. The value fraction of a product is the ratio of the market value of the product to the aggregated market value of all the products obtained from the input product (Hoekstra et al., 2011) . Products and by-products have both a product fraction and value fraction. On the other hand, residues (e.g. bran of crops) have only a product fraction and we have assumed their value fraction to be close to zero.
The water footprint per unit of energy for ethanol and biodiesel producing crops was calculated following the method as applied in Gerbens- Leenes et al. (2009) . Data on the dry mass of crops, the carbohydrate content of ethanol providing crops, the fat content of biodiesel providing crops and the higher heating value of ethanol and biodiesel were taken from Gerbens- Leenes et al. (2008a, b) and summarized in Table 1 .
Monthly values for precipitation, number of wet days and minimum and maximum temperature for the period 1996-2002 with a spatial resolution of 30 by 30 arc minute were obtained from CRU-TS-2.1 (Mitchell and Jones, 2005) . The 30 by 30 arc minute data were assigned to each of the thirtysix 5 by 5 arc minute grid cells contained in the 30 by 30 arc minute grid cell. Daily precipitation values were generated from the monthly average values using the CRU-dGen daily weather generator model (Schuol and Abbaspour, 2007) .
Crop growing areas on a 5 by 5 arc minute grid cell resolution were obtained from Monfreda et al. (2008) . For countries missing grid data in Monfreda et al. (2008) , the MICRA2000 grid database as described in Portmann et al. (2010) was used to fill the gap. The harvested crop areas as available in grid format were aggregated to a national level and scaled to fit national average crop harvest areas for the period 1996-2005 obtained from FAO (2008a) .
Grid data on the irrigated fraction of harvested crop areas for 24 major crops were obtained from the MICRA2000 database (Portmann et al., 2010) . For the other 102 crops considered in the current study, we used the data for "other perennial" and "other annual crops" as in the MICRA2000 database, depending on whether the crop is categorised under "perennial" or "annual" crops.
Results

The global picture
The global water footprint of crop production in the period 1996-2005 was 7404 Gm 3 yr −1 (78 % green, 12 % blue, and 10 % grey). Wheat takes the largest share in this total volume; it consumed 1087 Gm 3 yr −1 (70 % green, 19 % blue, 11 % grey). The other crops with a large total water footprint are rice (992 Gm 3 yr −1 ) and maize (770 Gm 3 yr −1 ). The contribution of the major crops to the global water footprint related to crop production is presented in Fig. 1 . The global average green water footprint related to crop production was 5771 Gm 3 yr −1 , of which rain-fed crops use 4701 Gm 3 yr −1 and irrigated crops use 1070 Gm 3 yr −1 . For most of the crops, the contribution of green water footprint toward the total consumptive water footprint (green and blue) is more than 80 %. Among the major crops, the contribution of green water toward the total consumptive water footprint is lowest for date palm (43 %) and cotton (64 %). The global average blue water footprint related to crop production was 899 Gm 3 yr −1 . Wheat (204 Gm 3 yr −1 ) and rice (202 Gm 3 yr −1 ) have large blue water footprint together accounting for 45 % of the global blue water footprint. The grey water footprint related to the use of nitrogen fertilizer in crops cultivation was 733 Gm 3 yr −1 . Wheat (123 Gm 3 yr −1 ), maize (122 Gm 3 yr −1 ) and rice (111 Gm 3 yr −1 ) have large grey water footprint together accounting for about 56 % of the global grey water footprint.
The green, blue, grey and total water footprints of crop production per grid cell are shown in Fig. 2 . Large water footprints per grid cell (>400 mm yr −1 ) are found in the Ganges and Indus river basins (India, Pakistan and Bangladesh), in eastern China and in the Mississippi river basin (USA). These locations are the same locations as where the harvested crop area takes a relative large share in the total area (Monfreda et al., 2008) . Globally, 86.5 % of the water consumed in crop production is green water. Even in irrigated agriculture, green water often has a very significant contribution to total water consumption. The share of the blue water footprint in total water consumption (green plus blue water footprint) is shown in Fig. 3 . The share of the blue water footprint is largest in arid and semi-arid regions. Regions with a large blue water proportion are located, for example, in the western part of the USA, in a relatively narrow strip of land along the west coast of South America (Peru-Chile), in southern Europe, North Africa, the Arabian peninsula, Central Asia, Pakistan and northern India, northeast China and parts of Australia.
The water footprint of primary crops and derived crop products per ton
The average water footprint per ton of primary crop differs significantly among crops and across production regions. Crops with a high yield or large fraction of crop biomass that is harvested generally have a smaller water footprint per ton than crops with a low yield or small fraction of crop biomass harvested. When considered per ton of product, commodities with relatively large water footprints are: coffee, tea, cocoa, tobacco, spices, nuts, rubber and fibres (Table 2) . For food crops, the global average water footprint per ton of crop increases from sugar crops (roughly 200 m 3 ton −1 ), vegetables (∼300 m 3 ton −1 ), roots and tubers (∼400 m 3 ton −1 ), fruits (∼1000 m 3 ton −1 ), cereals (∼1600 m 3 ton −1 ), oil crops (∼2400 m 3 ton −1 ), pulses (∼4000 m 3 ton −1 ), spices (∼7000 m 3 ton −1 ) to nuts (∼9000 m 3 ton −1 ). The water footprint varies, however, across different crops per crop category. Besides, if one considers the water footprint per kcal, the picture changes as well. Vegetables and fruits, which have a relatively small water footprint per kg but a low caloric content, have a relatively large water footprint per kcal. Global average water footprints of selected primary crops and their derived products are presented in Table 3 . The results allow us to compare the water footprints of different products:
-The average water footprint for cereal crops is 1644 m 3 ton −1 , but the footprint for wheat is relatively large (1827 m 3 ton −1 ), while for maize it is relatively small (1222 m 3 ton −1 ). The average water footprint of rice is close to the average for all cereals together.
-Sugar obtained from sugar beet has a smaller water footprint than sugar from sugar cane. Besides, the blue component in the total water footprint of beet sugar (20 %) is smaller than for cane sugar (27 %).
-For vegetable oils we find a large variation in water footprints: maize oil 2600 m 3 ton −1 ; cotton-seed oil 3800 m 3 ton −1 ; soybean oil 4200 m 3 ton −1 ; rapeseed oil 4300 m 3 ton −1 ; palm oil 5000 m 3 ton −1 ; sunflower oil 6800 m 3 ton −1 ; groundnut oil 7500 m 3 ton −1 ; linseed oil 9400 m 3 ton −1 ; olive oil 14500 m 3 ton −1 ; castor oil 24700 m 3 ton −1 .
-For fruits we find a similar variation in water footprints: watermelon 235 m 3 ton −1 ; pineapple 255 m 3 ton −1 ; papaya 460 m 3 ton −1 ; orange 560 m 3 ton −1 ; banana 790 m 3 ton −1 ; apple 820 m 3 ton −1 ; peach 910 m 3 ton −1 ; pear 920 m 3 ton −1 ; apricot 1300 m 3 ton −1 ; plums 2200 -For alcoholic beverages we find: a water footprint of 300 m 3 ton −1 for beer and 870 m 3 ton −1 for wine.
-The water footprints of juices vary from tomato juice (270 m 3 ton −1 ), grapefruit juice (675 m 3 ton −1 ), orange juice (1000 m 3 ton −1 ) and apple juice (1100 m 3 ton −1 ) to pineapple juice (1300 m 3 ton −1 ).
-The water footprint of coffee (130 l cup −1 , based on use of 7 gram of roasted coffee per cup) is much larger than the water footprint of tea (27 l cup −1 , based on use of 3 gram of black tea per cup).
-The water footprint of cotton fibres is substantially larger than the water footprints of sisal and flax fibres, which are again larger than the water footprints of jute and hemp fibres.
One should be careful in drawing conclusions from the above product comparisons. Although the global average water footprint of one product may be larger than the global average water footprint of another product, the comparison may turn out quite differently for specific regions.
The water footprints of crops vary across countries and regions as well. This is mainly due to differences in crop yields, as shown in Table 4 for the case of cereal crops. Relatively small water footprints per ton of cereal crops were calculated for Northern Europe (637 m 3 ton −1 ) and Western Europe (654 m 3 ton −1 ). On the other hand, with the exception of Southern Africa, the water footprints of cereal crops are quite large in most parts of Africa. While the average crop water requirement in Europe was only 11 % lower to that observed in Africa, the average water footprint of cereal crops in Europe was about three times smaller than in Africa, which can mainly be explained by the higher average yield in Europe (3.4 ton ha −1 ) compared to that observed in Africa (1.3 ton ha −1 ). A similar observation can be made for other regions as well: while crop water requirements in America, on average, are higher than in Asia, due to a higher yield, the average water footprint of cereals in America is smaller compared to the value calculated for Asia. Figure 4 shows the relationship between cereal yield and water footprint, where the dots represent country averages. From the figure we can observe a general trend between the water footprint and yield of cereals which follows a logarithmic function. This suggests that the water footprint of a crop, to a large extent, is influenced by agricultural management rather than by the agro-climate under which the crop is grown and that cannot be influenced by the farmer. This provides an opportunity to improve water productivity, i.e., to produce more food per unit of water consumption. According to Rockström et al. (2003) , this opportunity is particularly large in the range of low crop yields, due to the current large losses in non-productive green water evaporation.
The water footprint of biofuels per GJ and per litre
The water footprint of biofuel varies across both crops and countries. The variation is due to differences in crop yields across countries and crops, differences in energy yields across crops and differences in climate and agricultural practices across countries. Table 5 shows the global average water footprint of biofuel for a number of crops providing ethanol and some other crops providing biodiesel. Among the crops providing ethanol, sorghum has the largest water footprint, with 7000 l of water per litre of ethanol, which is equivalent to 300 m 3 GJ −1 . Bio-ethanol based on sugar beet has the smallest global average water footprint, with 1200 l of water per litre of ethanol, equivalent to 50 m 3 GJ −1 . In general, biodiesel has a larger water footprint per unit of energy obtained than bio-ethanol, a finding that is consistent with Gerbens- Leenes et al. (2009) . Among the crops studied here, biodiesel from coconuts has the largest water footprint: 4750 m 3 GJ −1 . Biodiesels from oil palm, rapeseed and groundnuts are more efficient, with water footprints in the range 150-200 m 3 GJ −1 . The largest blue water footprint is observed for biodiesel from cotton: 177 m 3 GJ −1 (32 % of the total water footprint).
The total water footprint of crop production at national and sub-national level
At the country level, the largest total water footprints were estimated for India, China, the USA, Brazil, Russia and Indonesia. These six countries together account for about half of the global total water footprint related to crop production. The largest green water footprints are also found in these six countries: India, China, the USA, Russia, Brazil and Indonesia. Data per country are shown in Table 6 for the largest producers. At sub-national level (state or province level), the largest green water footprints can be found in Uttar Pradesh (88 Gm 3 yr −1 ), Maharashtra (86 Gm 3 yr −1 ), Karnataka (65 Gm 3 yr −1 ), Andhra Pradesh (61 Gm 3 yr −1 ), and Madhya Pradesh (60 Gm 3 yr −1 ), all in India. The largest blue water footprints were calculated for India, China, the USA and Pakistan. These four countries together account for 58 % of the total blue water footprint related to crop production. At sub-national level, the largest blue water footprints were found in: Uttar Pradesh (59 Gm 3 yr −1 ) and Madhya Pradesh (24 Gm 3 yr −1 ) in India; Punjab (50 Gm 3 yr −1 ) in Pakistan; and California (20 Gm 3 yr −1 ) in the USA. Large grey water footprints were estimated for China, the USA and India. 
The total water footprint of crop production at river basin level
At the river basin level, large water footprints were calculated for the Mississippi, Ganges, Yangtze, Indus and Parana river basins (Table 7) . These five river basins together account for 23 % of the global water footprint related to crop production. The largest green water footprint was calculated for the Mississippi river basin (424 Gm 3 yr −1 ). The largest blue water footprints were found in the basins of the Indus (117 Gm 3 yr −1 ) and Ganges (108 Gm 3 yr −1 ). These two river basins together account for 25 % of the global blue water footprint. Both basins are under severe water stress (Alcamo et al., 2007) .
The water footprint in irrigated versus rain-fed agriculture
For most of the crops, the global average consumptive water footprint (blue plus green water footprint) per ton of crop was lower for irrigated crops than for rain-fed crops (Table 8) . This is because, on average, irrigated yields are larger than rain-fed yields. For wheat, the water footprint per ton in irrigated and rain-fed agriculture are very similar at the global scale. For soybean, sugarcane and rapeseed, the water footprints per ton were substantially smaller in rain-fed production. The reason is that, although yields are higher under irrigation for soybean and sugarcane, there is more water available to meet crop water requirements, leading to an actual evapotranspiration that will approach or equal potential evapotranspiration. Under rain-fed conditions, the actual evapotranspiration over the growing period is generally lower than the potential evapotranspiration. In the case of rapeseed, the global average rain-fed yield is larger than global average irrigated yield which results in a smaller water footprint under rain-fed compared to irrigated crops. The reason for this is that those countries with a high yield happen to be countries with a large share of rain-fed harvested crop area. For example, a high crop yield is observed for rapeseed in most parts of Western Europe, where rapeseed is almost com- pletely rain-fed. On the other hand, in countries such as Algeria, Pakistan and India, where the share of irrigated crop is high, the irrigated yield is quite low compared to the rain-fed yield in Western Europe. Globally, rain-fed agriculture has a water footprint of 5173 Gm 3 yr −1 (91 % green, 9 % grey); irrigated agriculture has a water footprint of 2230 Gm 3 yr −1 (48 % green, 40 % blue, 12 % grey).
Discussion
In order to compare our estimates with previous studies, we have selected those studies which estimated the water footprint in global crop production and made an explicit distinction between green and blue water ( Table 9 ). The study by Chapagain and Hoekstra (2004) did not take a grid-based approach and also did not make the green-blue distinction per crop and per country, unlike the current study and the studies by Rost et al. (2008) , , Siebert and Döll (2010) and Hanasaki et al. (2010) . A comparison of our estimates with earlier studies shows that the order of magnitude is similar in all studies. The estimate of the total water footprint related to crop production by Hanasaki et al. (2010) is 6 % higher than our estimate, while the estimate of is 11 % lower. Our study is at the high side regarding the estimation of the global green water footprint and at the low side regarding the blue water footprint. Although there are major differences in applied models and assumptions, the models agree on the dominant role of green water in global crop production. The study by Rost et al. (2008) gives a higher green water footprint than the other studies, but this can be explained by the fact that evapotranspiration from croplands is estimated here over the whole year, instead of over the growing periods of the crops. The estimate of the total water footprint related to crop production by Fader et al. (2011) is only 4 % higher than our estimate. The differences in the outcomes of the various studies can be due to a variety of causes, including: type of model, spatial resolution, period considered and data regarding cultivated and irrigated areas, growing periods, crop parameters, soil and climate. Chapagain and Hoekstra (2004) have estimated the global water footprint of crop production distinguishing between green and blue only at the global level, but not per country and per crop. Our estimate of the total (green plus blue) water footprint is 4 % higher than that of Chapagain and Hoekstra (2004) . The total water footprint per country estimated in the current study compares reasonably well with the estimates by Chapagain and Hoekstra (2004) , with an r 2 value of 0.96 (Fig. 5a ). The trend line almost fits the 1:1 line. The close agreement between the two studies and the slightly higher estimate in the current study is surprising. Due to limited data availability at the time, Chapagain and Hoekstra (2004) estimated crop water consumption based on the assumption of no water stress, so that actual equals potential evapotranspiration and their estimate is expected to be at the high side. There could be a number of reasons for the lower estimate in Chapagain and Hoekstra (2004) . Some of the differences are observed in the larger countries such as the USA, Russia, China and Brazil. Chapagain and Hoekstra (2004) have taken national average climatic data to calculate crop evapotranspiration, which in particular for the large countries mentioned above has led to a different estimate compared to the current study. There are also differences between the two studies in the planting and harvesting dates and thus the length of growing period for the different crops considered.
The estimate of the total water footprint by is 11 % lower than our estimate. The reason for the difference probably lies in the number of crops explicitly considered in the two studies: in the current study we have considered 146 crops explicitly while have considered 20 crops and grouped the rest into 2 broad crop categories. In Fig. 5b , the total (green plus blue) water footprints by country as estimated in the current study are plotted against the results from Liu and Yang (2010). There is a close agreement between the two studies with an r 2 value of 0.96. The differences between the two studies can be partially explained by differences in the method used to estimate reference evapotranspiration. The blue water footprint per country as computed in this study compares to the result from as shown in Fig. 6a . The correlation is reasonably well, with an r 2 value of 0.78.
The computed total (green plus blue) water footprint is almost the same as the value found by Siebert and Döll (2010) . However, the green water footprint estimated by Siebert and Döll (2010) is 4.6 % lower than in the current study, while their blue water footprint estimate is 31 % higher. At country level, the blue water footprint estimates in the two studies correlate well, with an r 2 value of 0.99, but our estimates are consistently lower (Fig. 6b) . For most crops there is a good agreement between the current estimate of the total blue water footprint and the one by Siebert and Döll (2010) . However, their total blue water footprint estimate for rice (307 Gm 3 yr −1 ) is 52 % higher than our estimate (202 Gm 3 yr −1 ). The reason for the difference could be differences in the planting and harvesting dates and thus the length of the growing period in the two studies.
The national blue water footprints estimated in the current study were further compared with statistics on agricultural water withdrawals per country as available from AQUASTAT (FAO, 2008b) . Since water withdrawals are higher than actual blue water consumption, we first estimated the latter by multiplying the water withdrawal per country by the irrigation efficiency. Overall irrigation efficiency data per country were obtained from Rohwer et al. (2007) , whereby irrigation efficiency refers here to the fraction of water diverted from the water source that is available for beneficial crop evapotranspiration. The blue water footprint per country computed in the current study generally compares well with the derived values based on AQUASTAT and Rohwer et al. (2007) , with an r 2 value of 0.94 (Fig. 7a) . Compared to the AQUAS-TAT values, our estimates are slightly lower (6 %). A reason may be that water withdrawals in agriculture do not refer to withdrawals alone; water withdrawn for domestic needs and animal breeding may constitute 5-8 % of the agricultural water withdrawal (Shiklomanov, 2000) . Assuming that water withdrawal for irrigation equals agricultural water withdrawal may thus lead to a slight overestimation of the blue water footprint from the statistics.
The blue water footprints estimated in the current study can also be compared with consumptive water use in irrigation on the level of federal states in the USA. Hutson et al. (2004) provide irrigation water withdrawal at federal state level for the year 2000. Consumptive blue water use for the year 2000 was derived using the ratio of consumptive water use to water withdrawal for irrigation at state level for the year 1995 (Solley et al., 1998) . Our estimated blue water footprints at federal state level correlate well with the statistic data, at least for states with high irrigation water use. The blue water footprints at the state level obtained in the current study, however, are generally lower than the values obtained from the statistics (Fig. 7b) .
The calculated national blue water footprints were further compared to the irrigation water requirements for 90 developing countries as estimated by FAO (2005) for the year 2000. As can be seen in Fig. 8 , the calculated national blue water footprints are consistently lower than the national irrigation requirements from FAO (2005) , which can be explained by the use of different land use data and differences 
Fig. 5.
Comparison of national (green plus blue) water footprints related to crop production as estimated in the current study with results from (a) Chapagain and Hoekstra (2004) , and (b) .
in model set-up in the two studies. In the current study, the soil water balance was made on a daily basis while in FAO (2005) the soil water balance was done with a monthly time step. Besides, for rice irrigation water requirements, FAO (2005) added an additional 250 mm of water to flood the paddy fields. The water footprint per ton of crop has been compared with results from Chapagain and Hoekstra (2004) and Siebert and Döll (2010) . The global average water footprint per ton of crop correlates well with Chapagain and Hoekstra (2004) , with an r 2 value of 0.97 (Fig. 9a) . The comparison with Siebert and Döll (2010) also shows a good agreement, with an r 2 value of 0.995 (Fig. 9b) . Out of the 22 crops compared, for 13 crops (including wheat, rice, maize, barley and sugar cane) the difference is within ±10 %. Large differences (±20 %) were observed for rye, cassava and millet. The reason for the larger differences probably lies in the average yield used in the two studies. We used national average yield data from FAOSTAT, which apparently differ from the yield data from Monfreda et al. (2008) which were used by Siebert and Döll (2010) .
Since all studies depend on a large set of assumptions with respect to modelling structure, parameter values and datasets used, as it was already pointed out by Mekonnen and Hoekstra (2010) , it is difficult to attribute differences in estimates from the various studies to specific factors; also it is difficult to assess the quality of our new estimates relative to the quality of earlier estimates. The quality of data used defines the accuracy of the model output. All studies suffer the same sorts of limitations in terms of data availability and quality and deal with that in different ways. In future studies it would be useful to spend more effort in studying the sensitivity of the model outcomes to assumptions and parameters and assessing the uncertainties in the final outcome.
Conclusions
The study shows that the global water footprint of crop production for the period 1996-2005 was 7404 Gm 3 yr −1 . The large fraction of green water (78 %) confirms the importance of green water in global food production. The fraction of blue water is smaller (12 %), but as the spatial analysis shows, the Fig. 6 . Comparison of national blue water footprints related to crop production as estimated in the current study with results from (a) and (b) Siebert and Döll (2008) . (Hutson et al., 2004; Solley et al., 1998) for the states in the USA.
regions where blue water footprints are large are often arid and semi-arid regions where water scarcity is high. The share of the grey water footprint is relatively small as well (10 %), but this is a conservative estimate, because we have analysed the required assimilation volume for leached nitrogen fertilizers only, leaving out relevant pollutants such as phosphorus and pesticides.
The finding in this study agrees with earlier studies that green water plays a prominent role in the global crop production. As shown by Rockström et al. (2009) , most countries in theory have a green water based self-sufficiency potential and are in a position to produce their entire food requirement locally. Rockström et al. (2003) showed that there is great opportunity to improve water productivity through improving yield levels as much as four folds within the available water balance in rain-fed agriculture. This offers a good opportunity to increase food production from rain-fed agriculture by raising water productivity without requiring additional blue water resources (Critchely and Siegert, 1991; Rockström and Barron, 2007; Rockström et al., 2003 Rockström et al., , 2007a . However, the marginal benefit of additional blue water in semi-arid and arid regions is quite large in terms of raising productivity. Globally, the current cereal production would be significantly lower if no blue water is applied (Hoff et al., 2010; Rost et al., 2009; Siebert and Döll, 2010) . Therefore, a carefully balanced green-blue water use strategy would be required to address the issue of increasing water demand in a world of limited freshwater resources. For further research it is important to assess the spatiotemporal variability of blue water availability and how much blue water can sustainably be used in a certain catchment without adversely affecting the ecosystem.
There are a number of uncertainties in the estimation of the green, blue and grey water footprints. In particular, the uncertainties related to the input data used in the model are high. A number of assumptions were made due to a lack of data. The uncertainties include:
-Crop-specific irrigation maps are available only for a limited number of crops. Irrigation maps for the other crops were derived from the MICRA2000 database through the simple assumption that all crops in a country belonging to a certain crop category (annuals/perennials) would have the same fraction of irrigated area out of the total harvested area. This assumption will lead to an underestimation of the irrigated area and thus the blue water footprint of crops which are most 
Fig. 9.
Comparison of global average crops water footprint (green plus blue) as estimated in the current study with results from (a) Chapagain and Hoekstra (2004) , and (b) Siebert and Döll (2008). likely to be irrigated and an overestimation of the blue water footprint for those minor crops which are actually not irrigated.
-The planting and harvesting dates and thus the length of the growing period used in the study are available only at country level, thus do not reflect possible variation within a country and across varieties of the same crop. Crop planting and harvesting dates are provided in the literature as a range of dates (FAO, 2008d; USDA, 1994) . The choice of the planting and harvesting dates out of these ranges obviously influences the final crop water footprint estimate.
-The rooting depth for both rain-fed and irrigated crops are defined based on the crop characteristics. However, such assumption neglects the fact that actual rooting depth depends also on the soil type.
-The soil water holding capacity is derived based on the dominant soil type. However, farmers may plant in the parts of the grid cell with better soils, which may have a different water holding capacity to that defined for the dominant soil type.
-For irrigated agriculture, the irrigation is assumed to be sufficient to meet the irrigation requirement. However, farmers may decide to supply irrigation water below the level of optimal yield, in particular in those regions where water is scarce. The assumption of sufficient irrigation may lead to an overestimation of the blue water footprint.
-Fertilizer application rates per crop per country are not available for most crops. The rates used in this study are based on different sources and a number of assumptions. All grid cells of the same crop in a country are assumed to receive the same fertilizer application rate. However, irrigated crops generally receive more fertilizer than rain-fed ones. Besides, most small subsistence farmers likely use no or less fertilizer.
-The grey water footprint is estimated based on a simplified approach, which gives a rough estimate; it leaves out local factors that influence the precise leaching and runoff rates, such as rainfall intensity, soil property, slopes and the amount of already mineralized nitrogen in the upper soil layer. Systematic comparison of the estimate from such simplified approach with other regression models (De Willigen, 2000; Roy et al., 2003; might be required to test the uncertainties and limitation of our approach. estimated, for the first time, global nitrogen flows of 6 nitrogen inputs and 5 nitrogen outputs including nitrogen leaching at high resolution (5 by 5 arc minute grid). Their approach is very innovative and could be useful to conduct in-depth grey water assessment in the future.
-The model used to estimate the yield at grid level is a simplified linear model which accounts for the effect of water deficit on yield reduction only, leaving out other factors, such as fertilizer application rate, soil salinity and crop growing characteristics.
-Although intercropping and multi-cropping are practiced in most part of the world, we have not considered those practices explicitly.
In a global study like this one, because of lack of data, several assumptions and expert guesses were made. At this stage it seems difficult to reduce the uncertainties. Therefore, the water footprint values at a smaller spatial scale, in particular at the grid cell level, should be interpreted with care.
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